Density of the binary systems n-hexane + n-decane and n-hexane + n-hexadecane has been measured up to 60 MPa through a vibrating tube densimeter. Measurements covered the whole composition range, for the first system they were performed from (278.15 to 463.15)K, whereas for the latter from (298.15 to 463.15) K because n-hexadecane is solid at 278.15 K. Densities were correlated for every composition as a function of temperature and pressure through a modified Tammann-Tait equation with standard deviations lower than 8•10 -4 g•cm -3 . Isothermal compressibility values were calculated from the experimental density data. Moreover, the excess volumes are reported, they were found to be negative for all the studied mixtures, with the absolute value lower or equal to 3.25 cm 3 •mol -1 for the system n-hexane + n-decane and 7.65 cm 3 •mol -1 for the system n-hexane + n-hexadecane. Various equations of state models were used to model the measured density data.
INTRODUCTION
Worldwide increase in oil consumption along with dwindling conventional oil and gas resources has led to progressive development of more challenging formations, which are deeper and characterized by more extreme temperature and pressure conditions. Oil exploitation under these conditions is risky and presents numerous technical difficulties, which leads to the need of new high pressure -high temperature technologies and equipment. Development of these new fields requires as well measurement and prediction of thermophysical data of reservoir fluids under extreme conditions, both for safe exploitation and for more accurate reservoir engineering calculation. However there is still a lack of data on these properties under high pressure and high temperature conditions, especially for mixtures. Due to the chemical complexity of reservoir fluids, it is a pragmatic method to represent them as a synthetic mixture of different hydrocarbons, which is easy to study and sometimes representative for a certain type of reservoir fluids. Moreover, in order to understand the interactions between pairs of compounds in reservoir fluids, it is preferable to study the behavior of the corresponding binary mixtures.
Density is one of the important thermophysical properties required for design and operation of the oil and gas production. It is used in calculation of oil reserves and serves as an indicator of the oil quality. It is employed in various reservoir engineering calculations, reservoir simulation, and Binary mixtures were prepared gravimetrically by use of an analytical balance Mettler Toledo PR1203, which has a readability of ±0.001g. Five binary mixtures were prepared for the system nhexane (1) + n-decane (2) with x1 = 0.1992, 0.3968, 0.4978, 0.5957 and 0.7978. As concerns the system n-hexane (1) + n-hexadecane (2), five mixtures were also prepared with x1 = 0.1985, 0.4136, 0.5007, 0.5966 and 0.7928. The expanded uncertainty of the mole fraction of the prepared mixtures was calculated according to the EA-4/02 M: 2013 10 , with a coverage factor k =2, which corresponds to a coverage probability of 95%. It was found to be lower or equal to 1 •10 -4 for the n-hexane + ndecane mixtures and lower or equal to 4•10 -4 for the n-hexane + n-hexadecane mixtures. Figure 1 shows the scheme of the experimental setup. A vibrating tube densimeter Anton Paar DMA HPM measures the sample density through the frequency of vibration of an excited U-shaped tube. The oscillation periods are displayed with seven significant figures. Temperature regulation is performed through a circulating bath PolyScience PP07R-20-A12E which regulates temperature within ± 0.005 K. Temperature is measured by means of a Pt100 probe located inside the measurement cell with an accuracy of ± 0.02 K. Pressure is generated by means of a Teledyne Isco 100DX syringe pump, whereas it is measured through a digital pressure transducer SIKA type P that can perform pressure measurements up to 150 MPa with an accuracy of 0.05% FS (full scale).
The syringe pump works with distillate water as hydraulic fluid and it is connected to an injection cylinder in which the sample is located; this injection cylinder contains a piston that separates the hydraulic fluid from the sample. When measuring density of n-hexadecane and their mixtures, the injection cylinder and the pipes were heated up to 323 K by means of heating bands in order to avoid solidification 11 of the studied sample. Densimeter was calibrated from (278.15 to 463.15)K up to 60 MPa following a procedure similar to that of Lagourette et al. 12 modified by Comuñas et al. 13 using vacuum, Milli-Q water and ndodecane as reference fluids. N-dodecane was employed as reference fluid under the temperature and pressure conditions where water is in vapor state, i.e. at T ≥ 373.15 and p = 0.1 MPa and also at T = 463.15 K and p = 1 MPa.
Thus, for T < 373.15 K the equation employed to obtain the density values was:
where w is the density of water reported by Wagner and Pru 14 and , w and v are the oscillation periods for the measured sample, water and vacuum, respectively.
For T ≥ 373.15 K and p = 0.1MPa, as well as for T = 463.15 K and p = 1MPa, the following equation was employed:
where d is the density of n-dodecane reported by Lemmon and Huber 15 and , d and v are the oscillation periods for the measured sample, n-dodecane and vacuum, respectively.
Finally, under any other conditions, i.e. T = 373.15 K and T = 423.15 K at p > 0.1 MPa, and T = 363.15 K at p > 1 MPa, the equation employed was:
where , w, d and v are the oscillation periods for the measured sample, water, n-dodecane and vacuum, respectively.
The expanded (k=2) uncertainty of the density measurements has been previously reported by Segovia et al. 16 and it is considered to be 7·10 -4 g·cm -3 at T<373.15 K, 5·10 -3 g·cm -3 at T ≥ 373.15 K and p=0.1 MPa, as well as for T=463.15 K and p=1MPa, and 3·10 -3 g·cm -3 in other temperature and pressure conditions. Density of n-hexane, n-decane and their binary mixtures was determined from (278.15 to 463.15) K up to 60 MPa. Regarding n-hexadecane and their binary mixtures with n-hexane, measurements were performed from (298.15 to 463.15) K up to 60 MPa or solidification pressure 11 . The lowest pressure is determined by the vapor pressure of the pure n-hexane or the binary mixture.
MODELS
The prediction capability for density of the studied binary systems was evaluated for four different models, Soave-Redlich-Kwong EoS 6 (SRK), Peng-Robinson EoS 7 (PR), PC-SAFT EoS 8 and Soave-Benedict-Webb-Rubin EoS 9 (S-BWR).
Soave-Redlich-Kwong EoS 6 (SRK)
The Soave-Redlich-Kwong EoS 6 is given by:
where R is the gas constant, V is the molar volume and a is the pure compound attractive parameter which has the following temperature dependency:
where Tr is the reduced temperature (T/Tc, Tc being the critical temperature), ac and m are given by the following expressions: where pc is the critical pressure and  is the acentric factor.
When dealing with mixtures, the attractive and co-volume parameters are calculated employing the conventional van der Waals one-fluid mixing rules.
Peng-Robinson EoS 7 (PR)
The Peng-Robinson EoS 7 is given by:
where the pure compound attractive parameter a(T) is obtained according to Eq. (5), being ac, and m defined as follows: Conventional van der Waals one-fluid mixing rules were used.
PC-SAFT EoS 8
The PC-SAFT EoS was developed by Gross and Sadowski 8 . The reduced residual Helmholtz free energy for mixtures containing non-associating fluids in PC-SAFT is given by:
where a hs and a chain are the contributions from hard sphere segment-segment interaction and chain formation, respectively. The summation of these last two is the reference to build the dispersion force a disp .
The simplified version of PC-SAFT proposed by von Solms et al. 17 , which reduces the computational time of this EoS, is used in this work.
Non-associating molecules are characterized by three pure-component parameters: the chain length m, the segment diameter  and the segment energy . The van der Waals one-fluid mixing rules are applied to the dispersion term, whereas the conventional Berthelot-Lorentz combining rules are used for ij and ij.
Soave-Benedict-Webb-Rubin EoS 9 (S-BWR)
The Soave modification 9 of the Benedict-Webb-Rubin equation has the following form:
Where  is the molar density and B, D, E and F are four model parameters. The values of the pure compound parameters employed in the EoSs analyzed in this work are gathered in Table 2 . 
RESULTS AND DISCUSSION
Densimeter calibration was verified by measuring density of n-dodecane in the whole temperature and pressure range, except for the temperature and pressure conditions where it was used for calibration, i.e. at p = 0.1 MPa and T ≥ 373.15 K and also at T = 463.15 K and p = 1 MPa. The measured density values for this compound are presented in Table 3 . In order to compare our experimental data with those from literature or with model predictions we have used in this work the Bias%, the absolute average deviation (AAD%), the maximum deviation (Dmax%) as well as the standard deviation (). BIAS %, AAD% and  are defined as follows: Density values obtained for n-dodecane were compared with data interpolated through the Tait-type correlation reported by Caudwell et al. 19 from (298.15 to 463.15)K up to 60 MPa yielding an AAD% of 0.04%. Valencia et al. 20 reported also density data for n-dodecane from (283.15 to 323.15) K up to 60 MPa, thus we have compared the values obtained in this work with those from Valencia et al. 20 at 298.15 K and 323.15 K in the whole pressure range yielding an AAD% of 0.04%. Moreover, Elizalde-Solís et al. 21 have also reported density data of n-dodecane from (213.09 to 362.29) K up to 25 MPa, we have compared the density values reported in the present work with those obtained from the correlation given by Elizalde-Solís et al. 21 at 323.15 K and 348.15 K up to 20 MPa obtaining and AAD% of 0.01%. Additionally, the AAD% among our experimental data and the data obtained through the EoS given by Lemmon and Huber 15 in the whole experimental temperature and pressure range is 0.04%. Finally, the density data obtained for n-dodecane in this work were also compared with data obtained from the correlation published by Cibulka and Hnědkovský 22 taking into account the temperature and pressure limits given for the correlation, so the range for comparison was limited to temperatures lower than 393.15 K and pressures higher than 2.03 MPa, the obtained AAD% was 0.08%. The overall AAD%, taking into account all the aforementioned literature data, was 0.05%, which is within the combined uncertainty of the considered experimental techniques. A deviation plot for n-dodecane density is presented in Figure  2 . 9
The density of n-hexane, n-decane and n-hexadecane measured in this work is gathered in Table 4 . Table 4 . Density, , of n-hexane, n-decane and n-hexadecane in g•cm -3 . Density data of the compounds presented in Table 4 , as well as those of n-dodecane, were correlated as a function of temperature and pressure by using a modified Tammann-Tait equation that has the following form:
where (T, 0.1 MPa) is the density as a function of temperature at atmospheric pressure, given by the following polynomial equation:
C is a parameter independent of temperature and pressure and B(T) is a temperature dependent parameter given by the following polynomial equation:
Parameters of this fit are presented in Table 5 for the pure compounds studied in this work, i.e. nhexane, n-decane, n-dodecane and n-hexadecane. It must be noted that for n-hexane at temperatures higher or equal to 348.15 K and for n-decane at 463.15 K, the saturated densities 23, 24 were employed for obtaining the fitting parameters of Eq. (18) . Standard deviations for these fits are lower than 8•10 -4 g•cm -3 . Table 5 . Fitting parameters of the modified Tammann-Tait equation (Eq. 18), standard deviation of the fit (), Dmax%, BIAS% and AAD% for n-hexane, n-decane, n-dodecane and n-hexadecane.
n-hexane n-decane n-dodecane n-hexadecane Density results obtained for n-hexane, n-decane and n-hexadecane were also compared with literature values. Thus, for n-hexane our experimental data were compared with data from the correlation published by Span and Wagner 24 obtaining an AAD% of 0.14 % and also with data from the correlation of Cibulka and Hnědkovský 22 yielding an AAD% of 0.06%. Concerning density data of n-decane, our experimental data were compared with those obtained from the correlation reported by Lemmon and Span 23 finding an AAD% of 0.04% and with the correlation by Cibulka and Hnědkovský 22 obtaining an AAD% of 0.05%. Finally, our correlated density data of nhexadecane were compared with data reported by Dymond et al. 5 up to 373.15 K and 60 MPa yielding an AAD% of 0.10%, with data published by Outcalt et al. 25 up to 50 MPa finding an AAD% of 0.10%, with data published by Amorin et al. 26 up to 413.15 K and 60 MPa obtaining an AAD% of 0.12 %, with data reported by Banipal et al. 27 up to 373.15 K and 10 MPa yielding an AAD of 0.05% and with data from Chang et al. 28 up to 413.15 K and 30 MPa with an AAD% of 0.12%. Deviation plots for these last fluids can be observed in Figure 3 . 27 , () Chang et al. 28 , () Amorin et al. 26 .
As concern the binary mixtures, density values of the system n-hexane + n-decane are presented in Table 6 , whereas those of the system n-hexane + n-hexadecane are presented in Table 7 . As expected, for the same composition density of the mixtures n-hexane + n-hexadecane is higher than that of the mixtures n-hexane + n-decane (Figure 4 ), as density increases with the carbon number of n-alkanes due to decrease on the intermolecular free space. Table 6 . Densities, , of the binary mixture n-hexane (1) + n-decane (2) in g·cm Table 7 Densities, , of the binary mixture n-hexane (1) + n-hexadecane (2) in g·cm Density data for every mixture were also correlated as a function of temperature and pressure through Eq. 18, with an AAD % lower or equal to 0.07%. Fitting parameters as well as the standard deviation () and the absolute average deviation of the fit are reported in Table 8 . Table 8 . Fitting parameters of the modified Tammann-Tait equation (Eq. 18), standard deviation of the fit (), Dmax%, BIAS% and AAD% for the binary mixtures n-hexane + n-decane and n-hexane + n-hexadecane. n-hexane (1) + n-decane (2) x1 = 0.1992 x1 = 0.3968 x1 = 0.4978 x1 = 0.5957 x1 = 0.7978 A0 /g·cm Density values for the n-hexane (1) + n-decane (2) system had been previously reported by Takagi 4 for x1=0.2185 and x1=0.4968 from (313.15 to 363.15)K are plotted. These last two compositions were chosen because they are similar to the mixtures studied in this work. The AAD% with data from Takagi and Teranishi 3 is 0.09%, whereas with data from Quevedo-Nolasco et al. 4 is 0.12%. These deviations represent a good agreement with literature, taking into account that there are small differences in the compositions of the compared mixtures.
As regards density values for the n-hexane (1) + n-hexadecane (2) system, they had been previously reported by Dymond et al. 5 for x1=0.2, 0.4, 0.6 and 0.8 in the temperature range from (298.15 to 373.15)K up to 500 MPa. Correlated density data from this work is compared with data from Dymond et al. 5 up to 60 MPa in Figure 5 (b), both positive and negative deviations were found, the AAD% being 0.15%. Density of both binary systems were predicted in the whole experimental (T,p,x) range. The Bias%, AAD% and Dmax% found for density prediction through the different models are presented in Table  9 , moreover a comparison of the obtained AADs% is depicted in Figure 6 . It can be observed that the SRK EoS yields the poorest prediction for this property for both of the studied systems. The best predictions are obtained by means of both PC-SAFT and S-BWR EoS, with the former slightly better for the system n-hexane + n-hexadecane and the latter slightly better for the system n-hexane + n-decane. Predicted densities through PR, PC-SAFT and S-BWR EoSs are plotted along with the experimental data at T=323.15 K in Figure 4 . Density predictions through SRK EoS at 323.15 K were not included in Figure 4 due to the high deviation with experimental density values. The SRK predictions vary from 0.57 to 0.63 g•cm -3 for the system n-hexane + n-decane and from 0.56 to 0.63 g•cm -3 for the system n-hexane + n-hexadecane. It is worth noting that density calculations through SRK EoS and PR EoS gives rise to crossing points between the isopleths of the -p plot for the system n-hexane +n-decane in the temperature range (278.15 to 348.15)K and for the system nhexane+n-hexadecane in the temperature range (348.15 to 463.15)K. For pressures higher than the crossover, the density predicted for the heaviest compound (n-decane/n-hexadecane) is lower than the density predicted for the lightest compound (n-hexane). Additionally, at T=298.15 K and T=323.15 K these two EoSs predict also higher density for the lightest compound (n-hexane) than for the heaviest compound (n-hexadecane). Table 9 Bias%, absolute average deviation (AAD%) and maximum deviation (Dmax%) for the prediction of the density of the binary systems n-hexane+n-decane and n-hexane+n-hexadecane in the whole experimental (T,p,x) range through the different EoSs.
Bias% AAD% Dmax% n-hexane + n-decane SRK -13 13 18 PR -1. Figure 6 . Absolute average deviation (AAD%) for the prediction of the density of the binary systems n-hexane+n-decane and n-hexane+n-hexadecane in the whole experimental (T,p,x) range.
Isothermal compressibility values (T) of the studied binary mixtures were calculated by differentiation of the Tammann-Tait fits, according to the following equation:
The obtained compressibility values are presented in Tables 10 and 11 . This property decreases with pressure and increases with temperature, thus the trends with temperature and pressure are opposite to those of density. The maximum variation of isothermal compressibility values under the studied temperature and pressure conditions for every of the studied binary mixtures is between 72% and 89% of the maximum value of this property. Moreover, T values for both binary systems are depicted in Figure 7 at 323.15 K, it can be observed that this property decreases with the carbon number of the n-alkanes from n-hexane to n-hexadecane, therefore the compressibility is higher for the mixtures n-hexane + n-decane than for the mixtures n-hexane + n-hexadecane when compared at the same n-hexane mole fraction. Table 10 Isothermal compressibility values, 10
3 T (MPa -1 ), for the binary system n-hexane (1) + n-decane (2). Expanded isothermal compressibility uncertainty (k=2) ≤ 1.1% Table 11 Isothermal compressibility values, 10
3 T (MPa -1 ), for the binary system n-hexane (1) + nhexadecane (2). Expanded isothermal compressibility uncertainty (k=2) ≤ 1.0% Figure 7 . Isothermal compressibility (T) of the binary mixures n-hexane (1) + n-decane (2) (grey lines) and n-hexane (1) + n-hexadecane (2) (black lines) at 323.15
Excess molar volumes of the studied binary systems were calculated according to the following equation:
where x1 is the mole fraction of the component 1 of the mixture, M1 and M2 are the molecular weights of components 1 and 2 of the mixture, respectively. , 1 and 2 are density values of the mixture, component 1 and component 2, respectively.
Values of the excess volume for both mixtures are presented in Tables 12 and 13 . Negative excess volumes were found for both systems in the whole composition, temperature and pressure range. For the system n-hexane + n-decane the maximum negative value of this property is generally found for the equimolar mixture (x1=0.4978), being the highest value -3.25 cm Figure 8 at 323.15 K and 463.15 K. It can be observed that excess volumes are more negative for the system n-hexane + n-hexadecane than for the system nhexane + n-decane. This property becomes more negative with temperature rise and less negative with pressure rise. These observations on excess volume of the studied binary systems are in agreement with results previously reported for different n-alkane mixtures by Lepori et al. 30 , Katzenski and Schneier 29 and Trejo-Rodríquez and Paterson 31 , among others. Thus Lepori et al. 30 , after study of alkane binary mixtures containing n-heptane at ambient pressure stand that excess volume decreases with the increase of the hydrocarbon size, at the same time that the minimum shifts to larger concentrations of the shorter alkane. Moreover Katzenski and Schneider 29 reported that the excess volume become less negative when increasing pressure. As concerns TrejoRodríguez and Paterson 31 , they discussed the excess volume of the system n-hexane + nhexadecane at ambient pressure, stating that the skewing of this property towards the n-hexane is not only related with the difference in chain length between both alkanes, but also with the large free volume of n-hexane and the orientational order of n-hexadecane. Therefore, these last authors 31 conclude that the excess volume is large and with the minimum displaced towards the region of high concentration of the lighter alkane when the free-volume contribution is significant, e.g. npentane + n-hexadecane, but it is small and symmetric when the free volume contribution is negligible, e.g. n-decane + n-hexadecane. Table 12 Excess volume, V E (cm 3 mol -1 ), for the binary system n-hexane (1) + n-decane (2). Table 13 Excess volume, V E (cm 3 mol -1 ), for the binary system n-hexane (1) + n-hexadecane (2). Figure 8 shows also predictions for the different models analyzed in this work for the excess volume of the binary systems. It can be observed that prediction of this property improves as V E increases, that is for higher temperatures and lower pressures. It is worth mentioning that the worst prediction for this property is given by S-BWR model, although density prediction is quite satisfactory through this EoS. Surprisingly, V E predictions through SRK and PR are better than S-BWR, even though their density predictions are poorer. The best performance in terms of excess volume prediction is obtained by means of SRK, PR and PC-SAFT EoSs, with slightly better results from PC-SAFT. 
CONCLUSIONS
Density, isothermal compressibility and excess volumes were reported for the binary systems nhexane + n-decane and n-hexane + n-hexadecane up to 60 MPa in the whole composition range from (278.15 to 463.15)K and from (298.15 to 463.15)K, respectively. Higher density values are obtained for n-hexane + n-hexadecane, whereas higher compressibility values are obtained for the system n-hexane + n-decane when compared at the same temperature, pressure and mole fractions. As concerns excess volume, negative values of this property were found for both binary systems, being more negative for the system n-hexane + n-hexadecane. Moreover, excess volume curves for the system n-hexane + n-decane are rather symmetric with composition, whereas for the n-hexane + n-hexadecane system the minimum on excess volume is slightly displaced towards higher n-hexane molar fraction.
As concerns modeling, it was found that PC-SAFT and S-BWR are the models that yield better prediction for the density of the binary systems, with AADs lower than 1 and 3%, respectively. However, regarding prediction of the excess volume, it was found that S-BWR leads to the poorest performance of the studied EoS, the best predictions being obtained through PC-SAFT EoS.
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